Developing lymphocytes in immune-deficient severe combined immunodeficient (scid) mice express a defective recombinase activity and rarely succeed in making an antigen receptor ; those cells that do succeed account for the known B and T cell leakiness in this mutant mouse strain. To gain more insight into the nature of the scid defect, we assessed the status of heavy (H) and light (L) chain genes in immunoglobulin (Ig)MKsecreting B cells from the peritoneal cavity of old leaky scid mice, the only lymphoid site where scid B cells have been routinely detected . We found these cells to be unusual in that their nonexpressed H chain alleles were either abnormally rearranged or in germline configuration (wild-type B cells generally show normal rearrangements at both H chain alleles) . The VDJ junctions of the expressed alleles showed little or no nontemplated (N) addition, similar to neonatal B cells from wild-type mice. About half of the V(D)J junctions lacking N additions contained nucleotides that could have been encoded by either of the participating coding elements (VD , DJ., or VJK), indicating that the recombination occurred between short stretches of homology. Unusually long templated (P) additions were seen in both VDJ,, and VJ,, junctions, and many recombinations appeared to involve P-based homologies . These findings suggest that : (a) B cell leakiness results from a low frequency of coding joint formation in cells expressing the defective scid recombinase activity ; (b) joining of scid coding ends is facilitated when the ends contain short stretches of sequence homology, where in many cases, one of the homologous sequences results from a P addition ; and (c) scid peritoneal B cells may arise early in ontogeny. I n developing lymphocytes, separate and distinct gene elements (V, D, and J) recombine to form VDJ and VJ coding sequences for Ig and TCR V regions (reviewed in reference 1) . V (D)J recombination is mediated by a site-specific recombinase that recognizes short DNA sequences (signals) adjacent to each coding element (2-4) . The recombination of any two coding elements (e.g., V and J) is thought to involve double strand breaks at the coding/signal borders of both elements followed by rejoining of the DNA ends in a new configuration ; i.e., coding to coding and signal to signal (5-8) .
Developing lymphocytes in immune-deficient severe combined immunodeficient (scid) mice express a defective recombinase activity and rarely succeed in making an antigen receptor ; those cells that do succeed account for the known B and T cell leakiness in this mutant mouse strain. To gain more insight into the nature of the scid defect, we assessed the status of heavy (H) and light (L) chain genes in immunoglobulin (Ig)MKsecreting B cells from the peritoneal cavity of old leaky scid mice, the only lymphoid site where scid B cells have been routinely detected . We found these cells to be unusual in that their nonexpressed H chain alleles were either abnormally rearranged or in germline configuration (wild-type B cells generally show normal rearrangements at both H chain alleles) . The VDJ junctions of the expressed alleles showed little or no nontemplated (N) addition, similar to neonatal B cells from wild-type mice. About half of the V(D)J junctions lacking N additions contained nucleotides that could have been encoded by either of the participating coding elements (VD , DJ., or VJK), indicating that the recombination occurred between short stretches of homology. Unusually long templated (P) additions were seen in both VDJ,, and VJ,, junctions, and many recombinations appeared to involve P-based homologies . These findings suggest that : (a) B cell leakiness results from a low frequency of coding joint formation in cells expressing the defective scid recombinase activity ; (b) joining of scid coding ends is facilitated when the ends contain short stretches of sequence homology, where in many cases, one of the homologous sequences results from a P addition ; and (c) scid peritoneal B cells may arise early in ontogeny. I n developing lymphocytes, separate and distinct gene elements (V, D, and J) recombine to form VDJ and VJ coding sequences for Ig and TCR V regions (reviewed in reference 1) . V (D)J recombination is mediated by a site-specific recombinase that recognizes short DNA sequences (signals) adjacent to each coding element (2-4) . The recombination of any two coding elements (e.g., V and J) is thought to involve double strand breaks at the coding/signal borders of both elements followed by rejoining of the DNA ends in a new configuration ; i.e., coding to coding and signal to signal (5) (6) (7) (8) .
In immature lymphocytes ofthe scid mouse mutant, V(DV recombination is defective (9) (10) (11) (12) and coding joint formation appears to be greatly reduced relative to signal joint formation (10, 12, 13) . The basis for this reduction is not yet understood . Recent evidence (14) suggests that coding (but not signal) ends are covalently sealed into hairpin structures before their modification and joining, and that the scid mutation impairs the resolution (or increases the production) of hairpins. Impaired resolution of hairpins could result in a high frequency of persisting DNA breaks and cause most scid lymphoid cells to die prematurely.
Some developing scid lymphocytes succeed in forming VDJ and VJ coding joints at two critical antigen receptor loci (e .g., H/L,, or TCRs/TCR,,,), and given the appropriate stimuli, may expand into a clone of functional B or T cells. Oligoclonal B and T cells have been detected in a low percentage of young adult scid mice (5-20%) and in virtually all old scid mice (>1 yr old) (15, 16) . Two explanations for this B and T cell leakiness have been proposed (15) . leakiness could in part reflect a low rate of somatic reversion (15, 17, 18) . Reverted cells, by definition, would express wild-type recombinase activity, and V(D)J rearrangements at both expressed and nonexpressed loci would be normal . Leakiness could also reflect a low frequency of coding joint formation in recombinasedefective scid cells (12, (18) (19) (20) . In this case, the nonexpressed antigen receptor genes would be expected to show abnormal rearrangements (15, 17) similar to those seen in transformed scid lymphocytes (9) , or to remain in germline configuration . The latter expectation is based on the assumption that most attempted scid rearrangements result in cell death, and that survival of developing scid lymphocytes depends on their making productive V(D)J rearrangements with a minimal number of attempts .
To test for evidence consistent with either (or both) of the above explanations, we recovered IgM-producing B cell by-bridomas from the peritoneal cavity of old scid mice, and then analyzed the Ig genes in these hybridomas . We found no clear evidence of reversion in scid peritoneal B cells; rather, these cells exhibited a phenotype consistent with that predicted for recombinane-defective cells. Nonexpressed H chain genes remained in germline configuration or contained abnormal rearrangements similar to those of transformed scid pre-B cells (9) . An unexpected feature of scid V(D)J junctions was the low frequency of N addition and high frequency of recombination between short regions of homology. As discussed, this suggests that most peritoneal scid B cells may arise early in ontogeny, and that joining of coding ends in these cells
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Immunoglobulin Gene Rearrangements in leaky scid Mice bridomas were subcloned by limiting dilution or by plating at one cell/well with a FACStar Plus® (Becton Dickinson & Co.) . Southern Blot Analysis. DNA samples from peritoneal cavity cells of individual leaky scid mice and from IgM-secreting hybridoma clones of scid and wild-type mice were digested with EcoRI, subjected to electrophoresis through 0.7% agarose, and blotted as described previously (9) . Blots were hybridized with a J.-specific probe (pJ11) (24) , or with a cDNA probe (pC,,3741) specific for IgM C region exons (24) . Other blots, containing DNA digested with BamHI or HindIII, were probed with pEC, (25) to assess the status of the L locus. Probes were a['2P]dCTP labeled using a nick translation kit (Bethesda Research Laboratories, Gaithersburg, MD).
cDNA Amplification and Cloning, cDNA from the cloned IgMproducing hybridomas was used for PCR amplification of the expressed H and LK chain genes (plus the two rearranged, but nonexpressed LK chain genes in scid hybridomas Spc4 .3 and Spc6.3). The procedures for obtaining thecDNA and foramplifying, cloning, and sequencing the desired gene products were as described previously (18) . The PCR primers were synthesized on a DNA synthesizer (381A; Applied Biosystems, Foster City, CA) and are: V FRI (5'-GCCGGATCCGTGCAGCTGGTGGAGTCTGG-3'); C, (5'-GCCGGATCCGAGGGGGAAGACATTTGGGAAGGAC-3') ; V, FRI (5'-GGCTGCAGGACATTCAGCTGACCCAGTCT CCA-3'); CK (5'-ATGGATCCAGTTGGTGCAGCATC-3').
Cloning and Sequencing of the Nonexpressed Rearranged H Chain Alleles in scid Hybridomas Spc4.3 and Spc6.3 . Using forward (V FRI, D., D., or D,52) and reverse 0.2, J,o, or JH4) primers in different combinations, we attempted to PCR amplify the nonexpressed rearranged H chain alleles from the DNA of scid hybridomas Spc4 .3 and Spc6 .3 . The DNA was prepared using GeneReleaser (BioVentures, Murfreesboro, TN). This approach proved successful for hybridoma Spc6 .3 using the following Dsp and J, nested primers: D5,°'°, 290bp 5' Dsp, (5'-GGCAGCTTGGCGG-TCAGGAA-3'); Ds, nr, 270bp 5' Dsp, (5'-CCGAATTCGTCCT CCAGAAACAGACC-3'); JN4 -`, 190bp 3' J.4 (5'-CCAGGGACT CCACCAACACC-3'); J4'"`, 130bp 3'J.,, (5-4AAAGAATTCTAA-TCTGTCCTAAAGGCTC-3') . The amplification profiles for the primer sets were as follows: ext: 5' @ 95C, (30" @ 94C, 30" 53C, 2.5' Q 72C)m, 5; a 72C. int: 5' @ 95C, (30" cQ 94C, 30" (4?' 50C, 2.5' Qa 72C),,N, 5' @ 72C. The resulting amplified fragment was cloned and sequenced. The sequence was verified by using size-selected EcoRI-digested DNA containing the nonexpressed H chain gene rearrangement as a template for PCR amplification with the same set of nested primers.
Using the above approach, we were unable to recover the nonex pressed rearranged H chain alleles in hybridomaSpc4 .3 . Therefore, we resorted to genomic cloning of a size-selected fraction of EcoRIdigested DNA containing the nonexpressed H chain rearrangement. This was cloned in the manner previously described (18) . The phage library and subsequent recombinant plasmids were screened forJ,, hybridizing sequence with a a['2P]-labeled BamHI-EcoRI fragment of pJII . A primer specific for a region 190 by downstream of J.4 (5'-CCAGGGACTCCACCAACACC-3') was used with Sequenase to obtain the sequence of the cloned fragment .
Database Search . All sequences were searched against the GCG Database using FastA (Genetics Computer Group [GCGJ Sequence Analysis Package) . L chain sequences were additionally searched against the database of Strohal et al. (26) 
Results
Peritoneal B Cells. Old BALB/c scid mice (>1 yr of age), like old C.B17 scid mice (16) , were found to contain detectable B cells (B220' IgM') in their peritoneal cavity, though not in the spleen (splenic data not shown) . The number of peritoneal B cells ranged from 2.7 x 10 4 to 1 .2 x 10 6, representing between 1 .7 to 34.5% of the harvested cells (in wild-type mice, B cell numbers ranged from 3 to 6 x 106 ). A striking feature of most scid B cells, illustrated in Fig . 1 , is that they stained brightly and uniformly for IgM, whereas the staining of peritoneal B cells from control wild-type mice showed a wider range of intensity. One scid mouse (Fig. 1  C) appeared to contain populations of both B and pre-B (B220+IgM -) cells. None of the scid mice examined in Fig.  1 contained B cells with detectable expression of CD5 (data not shown), though CD5' B cells were noted previously in the peritoneal cavity of some old C .B17 scid mice (16) .
DNA from peritoneal cells of individual old BALB/c scid mice showed a very restricted number of H chain gene rearrangements, in agreement with previous evidence that leaky scid mice contain few B cell clones (15, 28, and 29) . As illustrated in Fig . 2 A, several mice showed only one prominent rearranged fragment, whose abundance in three of the mice (SpcB-D) was comparable to that of the germline fragment . This suggested, as confirmed below, that many IgM-producing clones might retain one H chain allele in germline configuration . Southern analysis of peritoneal cells from individual control mice also revealed a restricted number of H chain gene rearrangements (data not shown), in agreement with the previous results of Stall et al. (30) . These investigators showed that peritoneal B cell populations are oligoclonal in old mice and that in many individuals such populations consist of predominantly CD5' or CD5' B cells.
Peritoneal B Cell Hybridomas. B cell clones from the peritoneal cavity of old mice were stimulated with S. typhimurium mitogen and fused with SP2/0 cells . 92 hybridomas were 1983 Kotloff et al . Fig. 2 B) retained one H chain allele in germline configuration (R/G) . This phenotype is highly unusual, as developing B cells generally show H chain gene rearrangements at both alleles (31) . Five clones contained rearrangements at both H chain alleles : in two clones, the rearrangements (R/R) did not appear abnormal, but in three clones, one allele (R') contained a grossly abnormal rearrangement that resulted in a loss of pJ11 hybridizing sequence. The latter three clones showed both a germline and nongermline pC,,3741 hybridizing fragment . Thus, these clones apparently incurred an aberrant J.-associated deletion on one H chain allele that ex- Immunoglobulin Gene Rearrangements in Leaky scid Mice tended sufficiently downstream of JH4 to abolish the EcoRI site in the J-C, intron (see map in Fig. 2 ) . Such deletions result in a nongermline pC,3741 hybridizing fragment and are often seen in transformed scid pre-B cells (9) . Seven clones (R/-) contained only one pJ11 hybridizing allele and exhibited a single germline pC,,3741 fragment . These clones may have lacked sufficient pJ11 hybridizing sequence due to an abnormal deletion that did not extend beyond the EcoRI site in the J.-C, intron, or they may have simply lost one copy of chromosome 12. A comparable fraction of the wild-type hybridomas showed the same phenotype (see below), and we therefore arbitrarily designated these clones as R/-, with the (-) signifying a loss of chromosome 12 . 14 of 31 19M-secreting hybridomas from old wild-type mice were shown to be distinct (Table 1) . Nine clones showed rearrangements at both H chain alleles (R/R) and one retained an allele in germline configuration (R/G). Four clones (R/-) showed only one JH hybridizing fragment and a single germline pC,3741 fragment, and are presumed to have lost one copy of chromosome 12 . Consistent with the known oligoclonality of peritoneal B cells in old BALB/c mice (30) , very few distinct IgM-secreting clones (two to six) were recovered per cell fusion .
The status of the L, chain genes was more difficult to judge due to potential masking by the germline and rearranged L,, chain loci of the SP2/0 hybridoma fusion partner responding to SpcB-D were used for fusion 1 in Table 1 is indicated by the numbers flanking these sequences. Nucleotides that could be encoded by either DH or JH and V or D H have been arbitrarily assigned to the D . region . Nontemplated (N)t base additions (5), and templated (P) base additions that are palindromic to unmodified coding ends (33, 1 Abbreviations used in this paper . N, nontemplated; P, templated . into two classes : those with N additions (four to nine nucleotides) at both VD and DJ. junctions, and those lacking N additions at both junctions (with two exceptions, Npc1 .5 and 2.2) . L Chain Genes. The VJ,, junctions of the expressed L chain genes in scid and wild-type hybridomas are shown in Figs . 5 and 6 (the junctions of two nonexpressed L chain gene rearrangements, marked with an asterisk, are also shown in Fig. 5 ). The striking feature of the scid results is the high frequency of N/P additions. N additions are present in 3 junctions (Spc1 .4, 4.2, and 6 .7) and P additions are seen in 15 junctions. Onejunction (from Spc4.3) contains unusually long P additions derived from both coding elements . In contrast to the scid hybridomas, only 2 of 14 wild-type hybridomas show N/P additions (Fig. 6) .
Of particular interest are the eight scid V4/51K1 junctions that appear to represent recombinations between short stretches of homology shared between J .1-derived P additions and VK4/5 members (the assignment of the underlined V 4/5 nucleotides is arbitrary as these could correspond to germline sequences of the V4/5 gene family or represent P nucleotides derived from J K1) . Two possible models for homologydirected joining of VK4/5 and J,,1 coding ends are illustrated in Fig. 8 . The first (Fig. 8 A) distance from one hairpin terminus 0K1) and entrance of the protruding strand between the separated strands of the other terminus (VK4/5) . Pairing of the P nucleotides (e.g., CCA) from JK1 with the complementary terminal nucleotides (GGT) of V,,4/5 might help resolve the hairpin at V4/5 . In the second model (Fig . 8 B) , both coding ends are nicked at a variable distance from their hairpin termini, and the protruding P nucleotides from one strand (Ja) are paired with complementary nucleotides on the opposite strand of the other element (VK4/5), producing a "flap-gap!" intermediate (37) . Ligation of abutted ends and repair synthesis would follow the pairing event in both models.
Structure ofNonexpressed Rearranged H Chain Genes in Two scid Hybridomas with a H Chain Gene Status of R/R (Table   1 ). Two scid hybridomas (Spc4 .3 and 6 .3) appeared to represent potential revertants since their nonexpressed rearranged H chain alleles did not appear grossly abnormal by Southern analysis. However, the cloning and sequencing of the nonexpressed H chain alleles in these hybridomas revealed scid-like abnormalities (Fig. 9) . In hybridoma Spc4 .3, an apparent attempted joining of DQ52 to Jx4 resulted in deletion of DQ52 and -1 kb of the upstream sequence . In hybridoma Spc6 .3, Jx2 was joined to a site 72 by upstream of D,,2 .2. Another abnormal recombination also apparently occurred and resulted in a breakpoint 9 by downstream of JH2 and 107 by downstream of J4 .The possibility remains, however, that a reversion event could have occurred during the period of L chain gene rearrangement, because the nonexpressed L chain alleles in Spc4 .3 and Spc6 .3 were rearranged normally (see Fig . 6 ) .
Screen of Peritoneal B Cell Hybridomas for Autoreactivity. Previous studies have shown that the B cell repertoire of aging mice, including BALB/c mice, becomes increasingly skewed toward reactivity against self-antigens (38). Therefore, we screened culture supernatants from scid and wild-type hybridomas for potential anti-nuclear/cellular reactivity using human epitheloid (Hep2) cells (39) . 17 of 20 scid hybridoma supernatants examined reacted with Hep2 cells ; 5 of these supernatants also showed reactivity to single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), or to BALB/c thymocytes . 7 of the 14 wild-type hybridoma supernatants reacted with Hep2 cells ; the positive supernatants (with one exception) also showed reactivity to one or more of the other antigens (ssDNA, dsDNA, and BALB/c thymocytes) .
Different immunofluorescence staining patterns were observed with Hep2 cells . One pattern showed prominent staining of the cytoskeleton (Fig. 10 A) and was observed with three scid hybridomas (Spcl .2, 3 .2, and 6 .4) and with two wild-type hybridomas (Npcl .l and 4 .2) . All five of these hybridomas express 7183 V genes and JH2 . Another pattern consisted of cytoplasmic and nuclear staining with nucleoli unstained ; cells in mitosis were brightly stained (Fig. 10 B) .
This pattern was seen with three hybridomas that express J558 V genes and JH4 (Spcl.3 and 2 .3, and Npc1.6) and with a fourth hybridoma that expresses a V 10 gene and JH4 (Spc6 .3) . No restricted V,, chain gene expression was associated with either of the above staining patterns. A third pattern, the smooth dense nuclear staining in Fig. 10 at low frequency in recombinase-defective B lineage cells of scid mice (12, 18, and 19) . To test whether this might account for scid B cell leakiness, we analyzed H and L chain genes in peritoneal B cell hybridomas recovered from old leaky scid mice. We reasoned that survival of developing scid B lymphocytes might depend on their making VDJ. and VJ,, coding joints with a minimal number of attempts, presuming that most such attempts result in cell death . Accordingly, the nonexpressed H chain allele in leaky scid cells would be expected to show either no rearrangement or an abnormal rearrangement, similar to that seen in transformed scid pre-B cells (9) . Consistent with the above, 9 of 14 informative hybridomas retained the nonexpressed H chain allele in germline configuration . The remaining five hybridomas contained abnormal rearrangements at their nonexpressed H chain allele: in three hybridomas (Spc4 .1, 6 .2, and 6 .4), the rearrangements were grossly abnormal as ascertained by Southern analysis, and in two hybridomas (Spc4 .3 and 6.3), the abnormal rearrangements were discernible by sequence analysis (Fig. 9) .
In contrast to the above, wild-type B cells generally show normal rearrangements at both H chain alleles (25, 40) . H chain gene rearrangement is initiated during the pro-B and early pre-B cell stages of differentiation (31, 41, 42) ; L chain rearrangement is observed in the late pre-B cell stage (41, 42) . This developmental sequence could reflect an intrinsically higher frequency of V(D)J recombination at the H than the L chain locus (25) , or an ordered control of H and L chain gene rearrangement (reviewed in reference 43) . If an ordered regulatory mechanism is operative, the control cannot be absolute, because as shown in mouse and other species, L chain gene rearrangement can occur independently of H chain gene rearrangement (44) (45) (46) . Recently, L chain gene rearrangement has been detected in pro-B cells (B220+ CD43+) of mice lacking a functional H chain locus (47) . This has been interpreted (47) to indicate that L chain gene rearrangement occurs at low frequency in pro-B cells, independently of a much higher frequency of H chain gene rearrangement. Accordingly, some (rare) pro-B cells could be expected to make a productive VDJ and VJ,, rearrangement without having yet made a rearrangement at their other H and L,r chain alleles. In scid mice, there would be a strong selection for such cells, presuming that most attempted Ig gene rearrangements result in cell death . We suggest that this could account for the high frequency of scid B cell hybridomas with the nonexpressed H chain allele in germline configuration .
Further evidence of the defective scid recombinase activity was seen in the expressed H (and L) chain alleles of the scid B cell hybridomas . First, many H chain junctions contained no more than four assignable D nucleotides or entirely lacked D nucleotides. This could reflect excessive deletion by the scid recombinase activity (9) . Alternatively, in those rearranged alleles lacking D nucleotides, it is possible that a D element was not even involved in the rearrangement . There were no D nucleotides in the H chain junctions of hybridomas Spc1.3, 1 .4, and 6 .2, and in hybridomas Spc2 .1, 5 .1, and 6 .9, the assigned D N nucleotides probably represent V -derived P additions. Possibly, a productive V to JH 1989 Kotloff et al.
joining occurred in these hybridomas in violation of the 12/23 rule (reviewed in reference 1). The rule is that joining of any two coding elements to one another requires that they be flanked by recombination signal sequences with different length spacers (12/23 rule) ; VH and Jx elements are each flanked by recombination signal sequences with 23-bp spacers. However, examples of H chain rearrangement that violate the 12/23 rule have been reported by several laboratories (48) (49) (50) . If this applies in the present case, one could again argue that survival of developing scid B cells depends on their making productive V(D)J rearrangements with a minimal number of attempts, and that there is a very strong selection for rare B cells with productive V to JH rearrangements. Another way to account for the absence of a D element in the above junctions is to postulate the formation of a hybridjoint (6, 10) between the signal sequence 5' of a given D element and the respective Jx elements ; subsequent joining of the JH elements with a V element would not violate the 12/23 rule. Second, unusually long P additions of four to seven nucleotides were observed in many VDJ and VJ,, scid junctions (Figs . 3 and 6) . A high frequency of long P additions has been previously noted in coding joints recovered from rearranged TCR genes in nontransformed scid thymocytes (51) and in scid thymic lymphomas (20) . Extensive characterization of scid thymic lymphomas has shown that they express (or show clear evidence of having expressed) the defective scid recombinase activity (9, 10, 20) . None of the scid B cell hybridomas examined showed evidence of a reverted H chain gene phenotype; e.g., none contained a nonexpressed H chain allele that was normally rearranged. However, in the two hybridomas for which we obtained junctional sequences of the nonexpressed L alleles, both alleles were rearranged normally. This result is not expected for cells that express the defective scid recombinase activity as reasoned in the beginning of this paper and elsewhere (17) . Thus, this leaves open the possibility that a reversion event could have occurred during the period of L chain gene rearrangement in the cells represented by these two hybridomas.
An apparent example of reversion in a recombinase-active scid pre-B cell was reported by us recently (18) . We recovered a transformed pre-B cell clone from the peritoneal cavity of a leaky scid mouse that expresses wild-type recombinase activity and contains two normal VDJ rearrangements : one allele (VDJ+) encodes a P chain, the other is nonproductively rearranged (VDJ ' ). Additional evidence for reversion of the scid phenotype has been reported for scid T cells (17, 52) . Three of five cloned T cell lines from individual leaky scid mice were found to contain normal rearrangements at both expressed and nonexpressed T cell receptor loci. 9 of 12 analyzed rearrangements in these three cell lines (1280, 1287, and 7167) correspond to nonexpressed loci. All nine appear normal by Southern analysis, and in seven cases, this has been confirmed by sequencing the recombination junctions. With several examples of T cell lines showing a reverted scid phenotype, we cannot easily explain the apparent absence of revertants in the present sample of scid B cell hr bridomas . One might argue that, given the differences in organization and potential number of recombinations of TCR and Ig genes (reviewed in reference 53), more attempted V(DV rearrangements (deleterious events) would be expected to occur in developing T cells than B cells . This could result in the development of fewer scid T cells than B cells and in a very strong selection for T lineage revertants, as these would be the cells most likely to survive . An absence of the appropriate T cells could limit the manifestation of B cell leakiness. Indeed, T cell-dependent "rescue" of latent B cells in young adult scid mice has been reported (54, 55) .
Recombination of V(D)J Coding Ends in Peritoneal scid B Cells
Often Occurs between Short Stretches of Homology. In about half of the scid V(D)J coding junctions that lacked N addition, there were three or more nucleotides that could have been encoded by either of the participating coding elements (DJ., VD ., or VJK). This indicates that these recombinations occurred between short stretches of sequence homology. In six hybridomas, the recombination of D to JN occurred between a three to five-nucleotide repeat (see Fig. 5 ). In all other cases of recombination involving short homologous sequences, one of the sequences resulted from a P addition . In hybridomas Spc6 .9, 1 .3, 2 .1, and 5 .1, the joining of V to D H occurred within a three to four-nucleotide repeat, (T)AGA or TCT(A), depending on whether one assigns the P-based homology to the D or VH element (see Fig. 3 ). The most striking example of recombination involving P-based homologies was seen in 8 of 11 productive rearrangements of V ai5 to JKt . This was also seen in the two nonproductive VKai5 to JKt rearrangements of scid hybridomas Spc4 .3 and 6 .3 (see Fig . 5 ). Other examples of V(D)J recombination involving P-based homologies of three to five nucleotides have been recently reported for rearranged TCR y and S genes in T cells from fetal and newborn mice (56) .
junctional nucleotides that could derive from either coding element were first noted in DJ. coding junctions lacking N nucleotides (36, 57) . Recent analyses of DJ. coding junctions from pre-B cells of neonatal mice, where N nucleotides are generally absent, have shown that most such junctions result from recombination between short regions of homology (58, 59) . These findings have been interpreted to indicate that short homologous sequences facilitate the alignment and joining of coding ends (58, 59) . This possibility was suggested earlier (37) based on studies showing that illegitimate recombination of DNA ends with 3' or 5' extensions involves short nucleotide homologies (60 and references therein) . An alternative interpretation is that V(D)J junctions resulting from recombination between short regions of homology are developmentally selected based on the amino acid sequence that they encode . This idea has been suggested (34, 61) as a possible explanation for the restricted junctional diversity in rearranged TCR S and y genes of fetal and neonatal thymocytes (62, 63) , where most junctions result from recombination between short regions of homology (34, 56, 61) . A similar idea was put forward to explain the predominance of a particular VLJ, junction recovered from B lineage cells in adult Muscovy ducks (64) . This junction resulted from recombi-1990 Immunoglobulin Gene Rearrangements in Leaky scid Mice nation between a 9-bp region of interrupted homology and was found to increase dramatically from days 21 through 35 of development . While the possible role of short sequence homologies in V(D)J recombination has been controversial, recent studies show that such homologies may bias recombination and limit coding joint diversity. To test for the potential importance ofdevelopmental (thymic) selection, a construct with an unrearranged JrCy gene segment and three unrearranged Vti genes, each with a termination codon in their coding regions, was used to generate transgenic mice (65) . VJ y junctions resulting from rearrangement of the transgene were then analyzed . In a second test system (56), the Cs segment was disrupted at both TCR S alleles, and the V(D)J junctions in the rearranged TCR S and y genes of these mice were examined. Although developmental or cellular selection for a particular y protein or yS heterodimer was abrogated in both test systems, the same restricted V(D)J junctional diversity resulting from recombination between homologous sequences was observed as in productively rearranged TCR y and S genes of fetal and neonatal thymocytes . These results support the notion that short homologous sequences at the ends ofcoding elements may facilitate their alignment and joining . Further support comes from an analysis of coding joints generated on extrachromosomal V(D)J substrates in transfected cell lines (66) . In this system as well, coding joint diversity was found to be severely restricted when coding ends contained short regions of homology. The maximum usage of homology in coding joint formation occurred in cell lines with low terminal deoxynucleotidyl transferase activity.
Given the findings discussed above and the low frequency of N addition in scid VDJH coding junctions, it is perhaps not surprising that many scid recombinations occurred between short stretches of homologous sequence. But, how does one account for the high frequency of recombinations involving P-based homologies? As discussed elsewhere (14) , scid may impair the ability of the V(D)J recombinase activity to resolve hairpin structures at the termini of cleaved coding elements. Resolution of these structures may normally involve single strand nicks a few base pairs from the hairpin terminus (14, 53) . This would explain the frequent occurrence of short P additions (1-2 bp) at unmodified coding ends (33, 34) in V(D)Jjunctions of wild-type cells. In the case of scid cells, hairpin termini may be either generally inaccessible to nicking or the nicking enzyme(s) could be defective or missing. Consequently, if single strand nicks occur at all, they may occur randomly at variable distances from the hairpin termini. This could account for the long P additions in scid V(D)J junctions (20, 51 , and this study) . The generation of overhangs at scid coding ends, together with the relative absence of N addition in scid B cells (discussed below), would presumably increase the probability of alignment between short regions of homology, and this could explain the high frequency of recombination involving P-based homologies.
Possible Origin and Specificity ofscid B Cells. Previous studies have shown that the only lymphoid site where scid B cells can be routinely detected is the peritoneal cavity of old mice (16) . The spleen and lymph nodes of leaky scid mice generally lack detectable B cells (16, and unpublished results of G. Bosma) . Another notable feature of scid B cell populations is that they are oligoclonal and long lived (15, 28, 29) . In most individual leaky scid mice, only a few B cell clones account for all the detectable serum Ig, and often the same clones persist for many months in the absence of detectable recruitment of new clones (15, 28) . The plasma cell progeny of these clones, which appear as irregularly scattered plasmacytic foci in the peripheral lymphoid tissues (15) , could represent expanded progeny of oligoclonal peritoneal B cells. The oligoclonal nature of scid peritoneal B cells is clear from the results of this study. Given the long-lived potential of scid B cell clones, the apparent restricted location of scid B cells to the peritoneal cavity, and the high level of IgM expressed by these cells, one is led to ask whether scid B cells belong to the CD5+ population of B cells. This population represents a self-renewing class or lineage ofB cells that arises early in ontogeny, expresses high levels ofIgM and low levels of IgD, and resides predominantly in the peritoneal cavity ofadult mice (reviewed in references 67 and 68). Also present in the peritoneal cavity is a CD5 -population ofB cells with properties similar to CD5+ peritoneal B cells (69) . Both of these populations may belong to the same class or lineage of B cells and are referred to as B-1 cells (70) .
Evidence consistent with the idea that scid peritoneal B cells might represent B-1 cells comes from our finding of low N addition in VDJ coding junctions of scid peritoneal B cell hybridomas. A low frequency of N addition is characteristic of fetal and neonatal B cells (58, 59) . As B-1 cells appear early in ontogeny (71, 72) and have the capacity for self-renewal (73), most adult B-1 cells may be direct descendants of fetal precursors. In support of this idea, pro-B cells from wild-type fetal liver, but not from adult bone marrow, readily reconstitute scid mice with B-1 cells (74) . If a large proportion of the adult B-1 cell population derives directly from fetal and neonatal B cell precursors, one would expect the VDJjunctions of many B-1 cells to show low N addition. This clearly is the case for B-1 cell lymphomas of adult mice. 6 of 11 such lymphomas were found to contain no N addition in their DJ. and VD junctions, and 3 showed N addition only at their VD junction (75) . Similar results were obtained in this study with the scid peritoneal B cell hybridomas and approximately half ofthe wild-type control hybridomas. An alternative interpretation of the low N addition in scid VDJjunctions is that it simply reflects a strong selection for cells with low terminal deoxynucleotidyl transferase activity regardless of their origin.
Another property common to B-1 cells is that the IgM . secreted by these cells often shows autoreactivity (reviewed in reference 76). Evidence for autoreactive scid B cell clones was first reported by Kearney et al. (29) in a study of B cell hybridomas from the spleen of leaky scid mice. The present analysis of scid B cell hybridomas from the peritoneal cavity also indicates potential autoreactivity among scid B cell clones. First, 17 of 20 scid hybridoma supernatants were found to react with cellular and/or nuclear antigens in the Hep2 cells. A number of scid and wild-type hybridoma supernatants gave one of two distinct staining patterns with Hep2 cells. One staining pattern was associated with hybridomas that expressed a 7183 V gene and JH2; the other was associated with hybridomas that expressed a J558 V gene and j.4. Interestingly, the 7183 V gene family has been previously shown to be over-represented among poly/autoreactive antibodies of 6-d-old BALB/c mice (77). Second, in 5 of the 13 scid hybridomas (excluding hybridoma Spc6.9) that retained 4 or more D nucleotides, the D element was in reading frame 2. In V(D)J junctions of antibodies from normal mice, D usage ofreading frame 2 is underrepresented (<5%) (78, 79) . However, in a panel ofpoly/autoreactive antibodies from autoimmune mice, the D usage of reading frame 2 was found to be comparable to the D usage of reading frames 1 and 3 (80). We conclude that many scid B cell clones may be autoreactive.
